Abstract -Improved stopband attenuation is achieved by thick strips, by reduced waveguide sidewafl dimensions, and by double planar integrated circuits. In contrast to thick strips which may cause high passband insertion losses and filters with reduced waveguide dimensions which require additiomd tapers, double planar E-plane integrated circuit filters combine the advantages of low costs, high stopband, and low passband insertion losses.
I. INTRODUCTION AND FORMULATION OF PROBLBM
Millimeter-wave~-plane integrated low insertion-loss filters ( shown. The passband is centered at 39 GHz,. The insertion loss at, e.g., 43 GHz, is only about 37 dB. The reason is that, beyond the cutoff frequency within the strip sections, the power is increasingly transported directly by then propagating waves along the strip section which destroy the filter behavior of the inductive strip-coupled resonators.
This paper discusses some proposals to overcome this problem.
These will include the introduction of a double planar E-plane integrated circuit filter which combines the advantages of low cost, high stopband, and low passband insertion-loss designs.
Computer-optimized filter data for a Ku-band prototype will be given and proved by measurements.
II. THICK INSERTS
A first possibility to improve stopband attenuation is to reduce the distance between the strips tid the waveguide sidewalls by thick dielectric substrates or thick metal inserts. Since thick dielectrics cause considerable additional losses, a pure-metal insert filter is chosen for design example with 2-mm-thick inserts and three resonators. Computer-aided design is used according to [5] , the filter data are given in Table I . For the examples listed in yields appropriate narrow-band filters. In principle, higher bandwidths are possible, but this property has to be considered carefully against other requirements, concerning, e.g., passband ripple, number of resonators (which influences considerably passband insertion loss due to copper losses), edge steepness, and attainable stopband attenuation levels. The 2-mm-thick metal insert filter achieves good stopband behavior, as is indicated in Fig. 3 , but a disadvantage is also quite evident: measured high passband insertion loss, as shown in the detail picture. This may result from grounding difficulties or sharp edges on strips; also, mechanical tolerances may lead to art inappropriate staggering of the single resonant circuits of the filter. This is illustrated in the right-hand illustration.
The typical filing tolerances of about 0.05 mm are included in the computa-t ions (dashed line), while the insertion loss is about 2 dB.
III.
KA -BAND FILTER WITHIN Q -BAND WAVEG~DE
A second way to reduce the criticrd distance between the metal inserts and the waveguide sidewalls is to reduce the sidewall distance itself. This solution is indicated in Fig. 4 , where a four-resonator Ku-band metal insert filter is shown, designed according to [5] for the housing of the next higher waveguide band-the Q-bandwith two, 50-mm-long linear taper-sections to the Ku-band waveguide. The return loss of the tapers is greater than 35 dB within Q-band, as has been calculated by field theory analysis in [7] . The design data of the filter are given in Table I . As can be seen in Fig. 4 , the stopband behavior is excellent, the measured 0018-9480/84/1000-1391 $01.00.01984 IEEE Because of the mechanical efforts concerning,the taper sect;ons, however, this filter type does not achieve low-cost design and thus offsets one of the typical advantagesof the E-plane integrated circuit filters in comparison with conventional waveguide filters.
IV. DOUBLE PLANAR INTEGRATED CIRCUIT FILTER
The filter desigrrwhich combines all the advantages (low costs, low tolerance etching techniques, low passband, high stopband insertion loss, low losses because of the absence of dielectrics) is the double planar integrated circuit filter, where two metal inserts are mounted in the E-plane of the waveguide,as shown in Fig. 5 . Crdculated and measured insertion loss of a Ka-band metat insert filter with 2-mm-thick "metatinsert and three resonators, data see Table I . 
A:) * are the still-unknown eigertmode amplitudes of the forward and backward waves which are suitably normalized by T:) so that the power carried by a given wave is 1 W for a wave-amplitude coefficient of~.
By matching the tangential field components at the corresponding interfaces, the coefficients in (2) are determined after multiplication with the appropriate orthogonal function which leads to the corresponding coupling integrals given in the Appendix. This yields the four-port scattering matrix (S),.O at the step discontinuity z = O (Fig. 5) [?:l=(s)'=O1?:l" ")
The step discontinuity at z = 1 (Fig. 5) can be treated in a similar manner. The overall two-port scattering matrix (S) of the discontinuity waveguide to section of metal E-plane bar and back to waveguide is given by (7) where the coefficients of the scattering matrix are explained in the Appendix.
The scattering matrix of the total metal insert filter is then calculated by directly combining the single scattering matrices, like in [7] . Compared with the commonly used multiplication of transmission matrices, this procedure preserves numerical accuracy, since the direct combination of scattering matrix parameters contains exponential functions with only negative arguments.
For computer optimization, the expansion into nine eigenmodes at each discontinuity has turned out to be sufficient. The final design data are provided by forty-five eigenmodes. four-resonator double-planar E-plane integrated circuit filter, design data see Table L B. Design and Results
An optimizing computer program varies the E-plane metal strip lengths for given waveguide housing dimensions, number of resonators, metal insert thickness, and spacing, until the insertion loss within passband yields a minimum and the stopband attenuation an optimum. The design data of a Ku-band four-resonator double integrated circuit filter prototype are given in Table  I . The tolerances of the metal-etched double insert dimensions in relation to the optimized data are about &20 pm, as has been checked by a measuring microscope. The material of the inserts is 99.9-percent pure copper. Fig. 6 shows the photograph of the filter structures together with the opened waveguide housing. The metal inset between the two filter inserts is 1.8 mm thick. The metal insert thickness of the two filter circuits is 0.15 mm. Fig. 7 shows the calculated and measured insertion loss of the optimized double integrated circuit filter. The measured minimum insertion loss is 1.8 dB, the crdculated stopband attenuation between 40 and 60 GHz is more than about 50 dB.
V. CONCLUSION
Improvement of the stopband behavior of E-plane circuit filters is possible by thick strips, by reducing the waveguide sidewall dimensions, and by double planar integrated circuits. Thick strips may cause high passband insertion loss; reduced waveguide sidewall dimensions require additional taper sections, which increase the costs. The design which combines the advantages of high stopband attenuation, low passband insertion loss, low costs, and low tolerances by metal etching is the double-planar integrated circuit filter. A Ku-band four-resonator computer-optimized prototype achieves a calculated stopband attenuation of more than 50 dB for 40 to 60 GHz, the measured minimum insertion loss is 1.8 dB. Since the higher order mode excitation and finite thickness of the insert are included in the calculations, the measurements agree well with theory. 
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